Emter CA, Baines CP. Low-intensity aerobic interval training attenuates pathological left ventricular remodeling and mitochondrial dysfunction in aortic-banded miniature swine. Am J Physiol Heart Circ Physiol 299: H1348 -H1356, 2010. First published September 3, 2010 doi:10.1152/ajpheart.00578.2010.-Cardiac hypertrophy in response to hypertension or myocardial infarction is a pathological indicator associated with heart failure (HF). A central component of the remodeling process is the loss of cardiomyocytes via cell death pathways regulated by the mitochondrion. Recent evidence has indicated that exercise training can attenuate or reverse pathological remodeling, creating a physiological phenotype. The purpose of this study was to examine left ventricular (LV) function, remodeling, and cardiomyocyte mitochondrial function in aortic-banded (AB) sedentary (HFSED; n ϭ 6), AB exercise-trained (HFTR, n ϭ 5), and control sedentary (n ϭ 5) male Yucatan miniature swine. LV hypertrophy was present in both AB groups before the start of training, as indicated by increases in LV end-diastolic volume, LV end-systolic volume (LVESV), and LV end-systolic dimension (LVESD). Exercise training (15 wk) prevented further increases in LVESV and LVESD (P Ͻ 0.05). The heart weight-to-body weight ratio, LV ϩ septum-to-body weight ratio, LV ϩ septum-to-right ventricle ratio, and cardiomyocyte cross-sectional area were increased in both AB groups postmortem regardless of training status. Preservation of LV function after exercise training, as indicated by the maintenance of fractional shortening, ejection fraction, and mean wall shortening and increased stroke volume, was associated with an attenuation of the increased LV fibrosis (23%) and collagen (36%) observed in HFSED animals. LV mitochondrial dysfunction, as measured by Ca 2ϩ -induced mitochondrial permeability transition, was increased in HFSED (P Ͻ 0.05) but not HFTR animals. In conclusion, low-intensity interval exercise training preserved LV function as exemplified by an attenuation of fibrosis, maintenance of a positive inotropic state, and inhibition of mitochondrial dysfunction, providing further evidence of the therapeutic potential of exercise in a clinical setting. mitochondria; hypertrophy and fibrosis; cardiac function THE PROGRESSION to terminal decompensated heart failure (HF) is characterized by pathological remodeling of the left ventricle (LV) and, as such, has become a target for therapeutic treatment. Interestingly, pathological cardiomyocyte growth in HF is observed concurrently with an increase in cardiomyocyte death (37, 38, 40) . The loss of cardiomyocytes via apoptotic and necrotic signaling pathways plays a significant role in the transition from compensated hypertrophy to LV dilation (for reviews, see Refs. 10, 12, 17, 31, and 50) . Conditions of myocardial stress, i.e., ischemia-reperfusion, HF, etc., have been show to stimulate increases in mitochondrial permeability and volume, known as mitochondrial permeability transition (MPT) (for a review, see Ref. 1). MPT has been implicated as a key mediator of cardiomyocyte cell death and is regulated by the MPT pore (MPTP). Well-documented increases in ROS production, altered Ca 2ϩ regulation, and impaired energy metabolism are characteristics of HF and are capable of exerting considerable influence on the MPTP, which is redox, Ca 2ϩ , and nucleotide sensitive. As a result, the prevention of cardiomyocyte loss has been a target of potential treatment in HF (7).
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Recent evidence has suggested that exercise training is a feasible treatment in both animal models and human HF, as illustrated by improved survival and delayed onset of decompensated HF, reversed or attenuated pathological LV remodeling, and improved quality of life (4, 11, 54) . However, the precise frequency and intensity of exercise required to elicit cardiovascular benefits have not been fully elucidated. Recent studies by Schultz et al. (43) , Emter et al. (11) , and Chicco et al. (4) in the spontaneously hypertensive HR rat have illustrated this issue, as repeated bouts of high-intensity exercise in an untreated, hypertensive state increased LV chamber dilation, reduced cardiac function, and accelerated the progression to decompensated HF, whereas, in contrast, low-intensity exercise training positively influenced morbidity and mortality. A similar effect of exercise intensity was observed in humans by Wisloff et al. (54) , where aerobic interval training, which allowed patients to exercise at greater intensities for brief periods of time, was found to have superior benefits to moderate continuous training on LV remodeling in HF patients. These studies clearly suggest that exercise training in HF can both exacerbate or prevent the progression toward decompensated HF depending on the frequency and intensity of training. The mechanisms of improved survival and attenuated pathological remodeling remain unclear in regard to exercise of different intensities in a setting of HF.
The purpose of this study was to assess the effects of chronic low-intensity interval exercise training on LV function, remodeling, and cardiomyocyte cell death in a miniature swine model of pressure overload HF. We hypothesized that low-intensity interval exercise training would attenuate pathological LV remodeling and maintain mitochondrial function, thus limiting cardiomyocyte death. Briefly, our results indicate that aortic banding resulted in pathological LV remodeling as characterized by increased fibrosis and LV mitochondrial dysfunction as indicated by increased Ca 2ϩ -induced MPT, which was not associated with increased apoptosis. Low-intensity interval exercise training preserved LV function, was associated with indicators of LV hypertrophy typically considered physiological, and prevented the increased sensitivity to MPT observed in sedentary failing hearts. Transthoracic echocardiography. Transthoracic echocardiography was performed under inhaled isoflurane anesthesia (0.5%) in the supine/right lateral position before aortic banding and at 2 and 6 mo postbanding. Short-axis two-dimensional and M-mode images were recorded at the midpapillary level using a 2.5-MHz transducer on a Toshiba PowerVision Ultrasound system. Ventricular chamber dimensions [LV end-diastolic diameter (LVEDD), LV end-systolic diameter (LVESD), LV end-diastolic volume (LVEDV), and LV end-systolic volume (LVESV)] were calculated from M-mode recordings using previously established methods (27, 41, 47, 48) . Ejection fraction (EF; in %) was calculated using the following equation: EF ϭ (EDV Ϫ ESV)/EDV ϫ 100. From an apical four-chamber view, the velocity time integral (VTI), a measure directly proportional to stroke volume (SV), was measured at the level of the aortic annulus using pulse-wave Doppler. SV was determined using the following equation: SV ϭ (r 2 ) ϫ VTI, where r is the radius. Mean wall shortening (MWS; in %) was calculated according to previously established methods (33) using the following equation: MWS ϭ 100 ϫ [(LVIDd ϩ PWT) Ϫ (LVIDs ϩ 2a)]/(LVIDd ϩ PWT), where LVIDd is the LV internal dimension at diastole, PWT is the posterior wall thickness, and LVIDs is LV internal dimension at systole.
LV gross and cellular morphology. LV morphology was determined using postmortem weights and immunohistology. Postmortem gross morphology was assessed according to previous methods established by Turk et al. (49) . Cardiomyocyte morphology was determined by tracing the cell border in formalin-fixed, paraffin-embedded, and immunohistology-stained LV cross-sections. Cross-sectional area was measured from a minimum of 50 cells and 3 cross-sectional views/animal in two-dimensional images using Image J (NIH).
Tissue fractionation and mitochondrial swelling. Mitochondria were isolated by differential centrifugation. Briefly, LV tissue was homogenized using a Dounce homogenizer in buffer containing 250 mM sucrose, 10 mM Tris (pH 7.4), and 1 mM EDTA. The homogenate was centrifuged at 1,000 g for 5 min to remove nuclei and debris. The supernatant was then centrifuged at 10,000 g for 10 min. The resultant supernatant was centrifuged at 100,000 g for 30 min to yield the cytosolic fraction. The 10,000-g pellet, corresponding to the mitochondrial fraction, was resuspended in homogenizer buffer without EDTA and centrifuged again at 10,000 g for 10 min. Washed mitochondria were then resuspended in either swelling buffer [120 mM KCl, 10 mM Tris (pH7.4), and 5 mM KH 2PO4] or lysis buffer (see below). Protein concentrations were determined using the Bradford method. For the swelling experiments, mitochondria were resuspended at a final concentration of 0.25 mg/ml. Absorbance was then measured spectrophotometrically at 520 nm, and swelling was induced by the addition of CaCl 2.
Western blot analysis. Heart tissue and mitochondria were lysed in buffer containing 150 mM NaCl, 10 mM Tris (pH 7.4), 1 mM EDTA, and 1% Triton X-100. Proteins were resolved by SDS-PAGE using 10 -15% acrylamide, transferred onto polyvinylidene difluoride membranes, and blotted using the following commercially available antibodies: anti-adenine nucleotide translocase (ANT), anti-Bax, and anti-GAPDH from Santa Cruz Biotechnology; anti-cyclophilin D (CypD) from Mitosciences; anti-cleaved caspase-3 and anti-poly-(ADP-ribose) polymerease (PARP) from Cell Signaling; and anticytochrome c from BD Biosciences. The polyclonal anti-mitochondrial phosphate carrier antibody was custom made for us by Yenzyme. Membranes were then incubated with the appropriate alkaline phosphatase-linked secondary antibody (Santa Cruz Biotechnology) and visualized by enhanced chemifluorescence (Amersham).
DNA laddering. Genomic DNA was extracted from LV tissue by standard procedures, and the degree of apoptosis-induced DNA laddering was assessed using a PCR-based kit (Maxim Biochemicals).
Histology and immunohistochemistry. Cross-sections of LV were formalin fixed, embedded in paraffin, and immunohistochemistry stained for the assessment of fibrosis and collagen. Briefly, total fibrosis was visualized from 4-m-thick sections of the LV using Masson's trichrome stain, and total collagen was visualized using Picrosirius red staining with previously established methods (23) . Fibrosis and collagen were quantified from 4 separate fields/animal using Image-Pro Plus analysis software (version 6.2, MediaCybernetics, Bethesda, MD) and expressed as the percent area stained and density of the stain.
Statistical analysis. All data analysis was performed using SPSS version 13.0 or SigmaStat version 3.5. All comparisons between groups were made using either one-way ANOVA or a two-tailed independent samples t-test. No differences in echocardiographic mea- Fig. 1 . Aortic banding generates left ventricular (LV) hypertrophy regardless of training status. Animals were divided into the following three groups: sedentary control (SED), aortic-banded sedentary (HFSED), and aortic-banded exercisedtrained (HFTR) groups. A: LV hypertrophy, as indicated by an increased heart weight-to-body weight (BW) ratio (HW/BW), LV ϩ septum (LV ϩ S)-to-BW ratio (LV ϩ S/BW), and LVϩS-to-right ventricle ratio (LV ϩ S/RV), was present in all aortic-banded groups. *P Ͻ 0.05 and †P ϭ 0.06 vs. SED animals (by one-way ANOVA). B: myocyte cross-sectional area was increased in both HFSED and HFTR animals, indicating that cellular morphology paralleled gross observations. *P Ͻ 0.05, HFSED and HFTR vs. SED animals (by one-way ANOVA).
sures of morphology or function existed between HFSED and HFTR groups (P ϭ not significant by an independent samples t-test) at the preband and 2-mo time points; therefore, data from both aortic-banded groups (HFSED and HFTR groups) were combined for within-group comparisons using a paired samples t-test before the start of exercise training. All data are means Ϯ SE, and significance is reported at P Ͻ 0.10 and P Ͻ 0.05 levels (6, 53) .
RESULTS

Low-intensity exercise training results in LV hypertrophy
that appears more physiological than pathological after aortic banding. Body weight (BW) was significantly decreased in HFSED animals (26 Ϯ 1, 30 Ϯ 1, and 32 Ϯ 1 kg for HFSED, HFTR, and SED animals, respectively, P Ͻ 0.05 by one-way ANOVA); therefore, lung and heart morphology measures were normalized to BW. An increased lung weight-to-BW ratio (indicative of pulmonary congestion) was observed in HFSED compared with SED animals (9.3 Ϯ 1.0 vs. 7.3 Ϯ 0.03 g/kg, P ϭ 0.06 by an independent samples t-test) and was attenuated by exercise training (8.0 Ϯ 0.8 g/kg in HFTR animals). Echocardiography data summarizing the effect of aortic banding and exercise on LV remodeling are shown in Table 1 . Two months postsurgery, aortic banding significantly increased LVEDV, LVEDD, LVESV, and LVESD. This effect (not observed in the SED group) indicates aortic bandinginduced LV hypertrophy (an observation commonly associated with the progression of HF) was present before the onset of exercise training. At 6 mo, LVEDV was significantly greater in HFSED and HFTR animals compared with SED animals. The ratio of the percent increase in LVEDV (3.5, 2.0, and 1.8 for HFSED, SED, and HFTR animals, respectively) and LVEDD (2, 1.3, and 1.0 for HFSED, SED, and HFTR animals, respectively) to the percent increase in weight, an indicator of the relationship between cardiac growth and normal age-related growth, was greatest in HFSED animals. Six months postbanding, further increases in LVESV and LVESD in HFSED animals were attenuated with low-intensity exercise training, as these values were similar in HFTR and SED groups. Septal and LV systolic wall thickness were significantly lower in HFSED animals compared with both HFTR and SED groups.
Postmortem assessment of whole heart, LV, and cardiomyocyte morphology support our echocardiography measures. Aortic banding significantly increased the heart weight-to-BW ratio, LV ϩ septum (LV ϩ S)-to-BW ratio, and LV ϩ S-to-right ventricle (RV) ratio in the HFSED and HFTR groups (Fig. 1A) . Cellular hypertrophy paralleled gross morphological remodeling as cardiomyocyte cross-sectional area was significantly greater in the HFTR and HFSED groups compared with their SED counterparts (Fig. 1B) . Compared with SED animals, increases in the myocyte cross-sectional area of ϳ12% and 16% closely mimicked increases in the LV ϩ S-to-BW ratios of ϳ8% and 18% in the HFSED and HFTR groups, respectively, and illustrate the coherence of our gross and cellular findings. Hypertrophy at the gross and cellular levels occurred in all aortic-banded groups regardless of training status. Citrate synthase activity was significantly elevated in the deltoid muscles of HFTR animals, indicative of exerciseinduced training adaptations to our low-intensity exercise protocol (18.3 Ϯ 1.1, 23.8 Ϯ 0.9, and 19.0 Ϯ 1.8 mol·g wet wt muscle Ϫ1 ·min Ϫ1 for the HFSED, HFTR, and SED groups, respectively, P Ͻ 0.05 by one-way ANOVA).
Low-intensity exercise training is associated with improved LV function after aortic banding-induced LV hypertrophy.
Indicators of LV function derived from echocardiography measures are shown in Table 1 . Fractional shortening, EF, and MWS in HFTR animals at 24 wk were similar to SED control values and significantly greater compared with HFSED animals after 15 wk of low-intensity exercise training. SV was greater at 24 wk in HFTR animals compared with HFSED and SED animals.
Low-intensity interval exercise training limits aortic banding-induced fibrotic LV remodeling. Aortic banding significantly increased general LV fibrosis (Fig. 2) and LV collagen deposition (Fig. 3) . Representative histological sections of the LV from HFSED, SED, and HFTR animals showing the increases in overall LV fibrosis and collagen are shown in Figs. 2A and 3A, respectively. As evident in Fig. 3A , collagen expression in HFSED animals was more disorganized and articulated in thicker bands compared with SED and HFTR animals. When expressed as the percent area of LV stained, trichrome and Picrosirius red staining, indicating general fibrosis (Fig. 2B) and collagen (Fig. 3B) , were significantly elevated in HFSED animals compared with SED control animals. Lowintensity exercise training attenuated this response in HFTR animals. Training was also associated with a significant reduction in the density of LV fibrosis (Fig. 2C) that was paralleled by a reduction in collagen density compared with both HFSED and SED animals (Fig. 3C) .
Aortic banding-induced mitochondrial dysfunction is prevented by low-intensity exercise training. Mitochondrial dysfunction was evident in HFSED animals, as indicated by Ca 2ϩ -induced mitochondrial swelling (Fig. 4) . The graded mitochondrial swelling response to increases in Ca 2ϩ concentration seen in the SED control group was lost in the HFSED group, as application of 50 M Ca 2ϩ induced near-maximal mitochondrial swelling (Fig. 4A) . Low-intensity exercise training in HFTR animals attenuated this response. Quantification of these measures indicated that the maximal change in absorbance was significantly greater at 50 and 100 M Ca 2ϩ concentrations in the HFSED group compared with the SED group (Fig. 4B) . The observed alterations in MPT were not due to changes in the protein expression of components thought to comprise the MPTP. Western blots performed on LV tissue for the mitochondrial phosphate carrier, ANT, and CypD indicated no differences between groups (Fig. 4C) .
Mitochondrial dysfunction in HFSED animals is not associated with increased apoptosis. The increased sensitivity to MPT in HFSED animals was not associated with an increase in the protein expression of well-established apoptotic markers. Western blots using cytosolic extracts for Bax, cleaved caspase-3, and cleaved PARP indicated no differences between groups (Fig. 5A) . Furthermore, laddering of genomic DNA Fig. 3 . Low-intensity exercise training attenuates aortic banding-induced increases in LV collagen deposition. A: representative histological sections of Picrosirius red-stained LVs showing the increased collagen in HFSED animals. Magnification: ϫ40. B: increased LV collagen in HFSED animals was attenuated by low-intensity exercise training. *P Ͻ 0.10 (by one-way ANOVA); †P Ͻ 0.05, HFSED vs. SED animals (by a two-tailed independent samples t-test). C: decreases in collagen density were observed in HFTR animals. *P Ͻ 0.10, HFTR vs. HFSED and SED animals (by oneway ANOVA).
extracted from LV tissue indicated no increase in DNA fragmentation among groups (Fig. 5B) .
DISCUSSION
The results of our study illustrate several novel findings: 1) lowintensity interval exercise training attenuates pathological LV remodeling while preserving LV function, including reductions in LV fibrosis and collagen deposition, in a large animal model of compensated HF and 2) pathological LV hypertrophy in aortic-banded sedentary animals is associated with an increased sensitivity to Ca 2ϩ -induced mitochondrial swelling, an index of MPT that is attenuated by low-intensity exercise training.
Although low-to moderate-intensity exercise is currently recommended and considered safe for patients with stable HF, the intensity and volume of exercise required to optimize health benefits in this setting remain unclear, as evident by recent studies (4, 11, 43, 54) illustrating disparate results to exercise of varying frequency and intensity. Thus, a debate exists regarding the correct balance of exercise necessary to improve the prognosis of patients with HF against placing further demands on an already overstressed myocardium. Our exercise protocol was designed similarly to that previously published by Wisloff et al. (54) , which allowed HF patients to exercise at higher intensities using brief intervals of increased work, thus providing a greater exercise stimulus while taking into account the exercise intolerance prevalent in HF. Previous work in humans (15, 19, 54) and in numerous small animal models of HF and/or hypertension (14, 25, 29, 34, 39) have demonstrated that exercise training attenuates or reverses pathological LV remodeling. Many of these studies showed concurrent increases in markers of peripheral mitochondrial markers of biogenesis (54) or inhibition of proapoptotic signaling pathways (14, 25) . To address the lack of studies in large animal models regarding the mechanisms underlying the effects of exercise training on LV remodeling in HF, we conducted this study in a miniature swine model of compensated HF using novel exercise protocols of tolerable intensity to determine the impact on LV function, remodeling, and cardiomyocyte mitochondrial function.
The key finding of this study demonstrates that chronic low-intensity exercise attenuated pathological remodeling and preserved LV function. In the present study, exercise training did not prevent LV remodeling, as evident by our echocardiography, postmortem, and histological data. LVEDD, heart weight-to-BW ratio, LV ϩ S-to-BW ratio, LV ϩ S-to-RV ratio, and myocyte cross-sectional area were significantly increased in aortic-banded animals regardless of training status. However, the hypertrophy observed in exercise-trained animals was associated with indicators of hypertrophy typically considered physiological. The continuous increase in LVESV and LVESD in HFSED animals observed from 8 to 24 wk postbanding was attenuated in HFTR animals, suggesting an improvement in the positive inotropic state of the LV after low-intensity interval exercise training. The rate of normal age-related growth, as indicated by the ratios of LVEDV and LVEDD to weight, was disproportionate in HFSED animals compared with HFTR and SED animals. Furthermore, the increased lung weight-to-BW ratios present in HFSED animals was prevented in the HFTR group, suggesting that low-intensity exercise was adequate to preserve LV function and prevent lung congestion. Our findings are largely in agreement with human HF exercise studies that found an attenuation or a reversal of LV end-systolic measures of dimension and volume (15, 54) , which, in one case, was associated with a decline in pulmonary vascular resistance (19) .
In addition to its effects on LV morphology, low-intensity interval exercise training preserved LV function, as indicated by the maintenance of fractional shortening, EF, and MWS accompanied by a training-induced increase in SV. Our findings echo previously published human studies (15, 19, 54) showing increased cardiac output, SV, and EF after 3-6 mo of exercise training. The preservation of function in HFTR animals may in part be due to the attenuation of LV fibrosis, as previous studies in human patients with aortic stenosis have shown that EF is negatively correlated to the amount of LV fibrosis (21) and that SV significantly decreases in parallel with fibrosis severity (51) . Interestingly, improvements in resting hemodynamics were observed after protocols using interval training and/or higher-intensity exercise based on patient tolerance (15, 19, 54) but not in patients that performed moderate continuous training in which subjects were instructed to "walk continuouslyѧwithout breathing heavily" (54) , illustrating the importance of appropriate training intensity in obtaining health benefits in a HF patient population. The combination of an increase in LVEDV, attenuation of pathological increases in LVESV and LVESD, and preservation of load-dependent LV function in HFTR animals suggests that the training-induced increase in SV is the result of an increase in the positive inotropic state of the heart after exercise training.
To this point, the majority of studies examining the underlying mechanisms involved in the prevention or reversal of LV hypertrophy after exercise in HF have been performed in rodent models. One variable thought to impact LV stiffness and potentially function in HF is an increase in LV fibrosis, a hallmark feature of pathological LV remodeling (9, 21) . Reductions in LV fibrosis and collagen have been found following several modes of exercise (14, 25, 29, 34, 39) . In the present study, we show, for the first time to the best of our knowledge, similar findings in a large animal model of compensated HF. Low-intensity interval exercise training attenuated increases in fibrosis and total collagen, results suggesting that exercise of a tolerable intensity for HF patients may be able to prevent the fibrotic phenotype and extracellular matrix disarray associated with pathological LV remodeling.
The progression from compensated hypertrophy to LV dilation is accompanied by increases in myocyte death, of which the mitochondrion is a key regulator. Apoptosis rates 50 -100% greater than in control subjects have been observed in human end-stage dilated cardiomyopathy (16, 40, 42) and 10% increases in apoptosis rates over 2-6 mo generated dilated cardiomyopathy in transgenic mice overexpressing caspase-8 (12, 52) . The prevention of cardiomyocyte loss and elucidation of the underlying molecular mechanisms have recently gained attention as a potential clinical treatment of HF (2, 7). The MPTP, a nonspecific channel thought to span both mitochondrial membranes, mediates the increases in mitochondrial permeability associated with cell death (18, 26) . Increases in matrix Ca 2ϩ and ROS induce MPTP opening, whereas adenine nucleotides inhibit the pore; indeed, many cardiac diseases, including HF, are associated with increases in MPT activators (Ca 2ϩ and ROS) and reductions in MPT inhibitors (ATP/ ADP). Studies in rodents have shown that inhibition of the MPTP blunts the loss of cardiac myocytes that underlies several cardiac pathologies, including myocardial ischemiareperfusion injury (3, 5, 8, 20, 35) and Ca 2ϩ -induced cardiomyopathy (36) . Considerable evidence exists demonstrating the anticell death effects of exercise, including inhibition of MPT (13, 22, 24, 28, 44, 45) . Our results demonstrate that low-intensity interval exercise training prevented the mitochondrial dysfunction observed in HFSED animals, as indicated by an increase in Ca 2ϩ -induced MPT. Although a recent study by Matas et al. (32) showed an increase in the protein expression of CypD in rat model of chronic volume overload hypertrophy, we did not observe a change in any of our experimental groups regarding the protein expression of CypD, ANT, or phosphate carrier, molecular components thought to comprise the MPTP. Furthermore, we did not observe an increase in several proteins considered as markers of apoptosis, including Bax, cleaved caspase-3, cleaved PARP, cytochrome c (data not shown), or DNA fragmentation despite the increase in MPT sensitivity. Importantly, we provide evidence that early mitochondrial dysfunction likely plays a causal role in the development of terminal decompensated HF, a question of considerable interest given that previous observations of mitochondrial defects have been in observed in human hearts with end-stage HF.
In conclusion, our results demonstrate that chronic lowintensity interval exercise training prevents pathological LV remodeling and mitochondrial dysfunction in HF. Specifically, LV hypertrophy induced by aortic banding was characterized by disproportionate growth, increased fibrosis, and enhanced sensitivity to Ca 2ϩ -induced MPT. Low-intensity interval exercise training preserved LV function, as exemplified by an attenuation of fibrosis, maintenance of a more positive inotropic state, and inhibited increased susceptibility to MPT. Our results indicate that exercise may slow or prevent the loss of cardiomyocytes, an effect of great significance given the observation of mitochondrial dysfunction in early compensated HF and its probable role in the development of decompensated HF. We believe that the use of a large animal model and exercise paradigm of tolerable intensity found to have beneficial effects in humans strengthen the relevance of our findings and provide further evidence of the therapeutic utility of exercise in a clinical setting.
